Introduction
Control of the wettability behaviour of a stainless steel surface can be of great interest for several applications. This class of materials is known to be largely used by food, dairy and pharmaceutical production systems owing to their intrinsic chemical stability and strong resistance to oxidation that permit them to be safely cleaned and disinfected by using several chemical agents.
In all these applications, control of surface wettability can be of great interest, as it can lead to shorter cleaning and flushing times, less organic residuals in pipes and components and minimal retention of chemical agents on the surface. Several methods were developed to control the wetting behaviour of stainless steel. A significant part of them investigated the effect of chemical composition of the surface, by modifying it via surface coatings or through reaction of the base material with other chemical agents. In [1] several approaches were attempted, namely implantation of different ions (e.g. SiF 3 + and MoS 2
2+
) into stainless steel; coating the surface with diamond-like carbon (DLC) via sputtering; plasma chemical vapour deposition (PECVD) of DLC, DLC-Si-O coating onto the surface and treating the surface by autocatalytic Ni-P-PTFE and silica coating. In [2] and [3] , the authors carried out electrolytic in-process dressing (ELID) grinding to generate a mirror-quality surface on ferritic stainless steel for surgical applications. This method is used to functionalize the surface by varying the type and quantity of abrasive materials or the operating temperature in order to induce different wettability behaviour. Some of the above methods are expensive, complicated and time consuming; others involve chemical treatments and weak coatings that are generally evanescent or fragile. Use of methods that only change the surface morphology/topography could be the safer choice if chemical stability is critical for an application, where no surface contaminations are desired.
Two different recent examples can be found in [4, 5] based respectively on a vibration assisted machining method and on the use of a nanosecond UV laser.
It is well known that femtosecond lasers can generate regular structures on a material's surface called laser induced periodic surface structures (LIPPS), of which a recent example can be found in [6] . This principle can be applied to obtain hydrophobic surfaces as investigated in [7, 8] , where stainless steel and titanium alloys were treated with a Ti:Sapphire femtosecond laser and eventually silanized in a low vacuum chamber. Although the results are appealing, the methods cannot be easily scaled for mass production due to the low production rate which is a consequence of the characteristics of the lasers employed: high pulse energies and low pulse frequencies and scanning speeds.
Recently, a technique called nonlinear laser lithography (NLL) has been introduced which permits production of highly uniform nanostructures on large surface areas with an elevated production rate. This technique is based on the use of a high repetition rate, well-focused femtosecond laser with pulse energy in the order of nanojoules. A comprehensive physical model of the process has been presented in [9] .
In this work, the NLL technique is employed to modify the surface topography of stainless steel and control its wettability behaviour due to its unique features over other surface modification methods In the present work a novel method to improve the surface properties of stainless steel is presented and discussed. The method, based on the use of a high repetition rate femtosecond Yb fibre laser, permits generation of highly reproducible, robust, uniform and periodic nanoscale structures over a large surface area. The technique is characterized by high productivity, which, in its most simple form, does not require special environmental conditioning. Surface morphology is scrutinized through SEM and AFM analyses and wettability behaviour is investigated by means of the sessile drop method using distilled-deionized water. It is shown that optimization of process parameters promotes anisotropic wetting behaviour of the material surface.
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such as controlled thermal penetration, chemical cleanness and remote non-contact processing.
Experimental setup
The material under study was a commonly used AISI 316L stainless steel that is subjected to a low temperature carburizing (LTC) process where the elevated carbon content in the 30 AE 2 mm treated depth strongly increases the surface hardness from 200 to 1200 Vickers. A cross-section image of the material under metallographic study is shown in Fig. 1 .
The NLL treatments were conducted by using a custom-built Ytterbium fibre laser with a wavelength centred at 1037 AE 8 nm. The laser beam was linearly polarized and guided onto the material surface with a galvanometric scanning head focused by a 56 mm focal length F-theta lens.
The surface of the material was first polished and lapped with diamond paste then areas of 5 mm Â 5 mm were NLL treated to form periodic nanostructures.
Coding of the specimens along with the experimental variables such as the polarization angle of the laser beam (u p ), the angle between the polarization plane and the scanning direction, and pulse energies are given in Table 1 . Other parameters were kept constant such as the pulse duration (270 fs) repetition rate (200 kHz), spot diameter (6 mm), scanning speed (100 mm/s) and step between the scanned lines (2 mm), which resulted in a high overlapping between the laser pulses, a condition necessary to generate uniform, periodic surface structures. The process production rate was 0.5 cm 2 /min. PP coding denotes tests in which the polarization plane is parallel to the scanning direction, whereas PT coding denotes those in which the polarization plane is perpendicular to the scanning direction.
The surface morphology of the specimens was observed through Variable Pressure Scanning Electron Microscopy coupled with energy dispersive spectroscopy operated in secondary electrons imaging mode. Three-dimensional images of the surfaces were obtained from stereoscopic pairs of images acquired at tilting angles of 0 and 458. Surface roughness was measured by using an atomic force microscope (AFM) in non-contact optical mode.
The wettability of the surfaces was determined through the measurement of distilled and deionized (DD) water contact angles by the sessile drop method. Drops of %2-4 mL were generated with a micrometric syringe and deposited on the substrate surfaces, inside a chamber previously saturated with water. Drop images were acquired at pre-defined intervals during 2000s, with the system composed of a video camera connected to a microscope and a frame grabber to sequentially capture the drop profile. Longer measurements were not done, since evaporation of the liquid can be a problem for long times. Each image was then analyzed by software to evaluate the contact angle. The measurements were done at 25 8C. At least 4 drops were generated and measured for each specimen. Fig. 2 presents a representative SEM image of a PP-coded specimen where the polarization plane is parallel to the scanning direction. As can be seen from the figure, formation of a quasi-regular linear pattern is evident with all the basic aspects of NLL present: the coherent propagation of structures along the surface that are obtained by scanning the laser beam with a small diameter [9] . In our case the basic mechanism of generation could be the interaction of the incident laser beam with surface plasmon polaritons (SPPs) instead of wave scattered in the surface [10] .
Results and discussions

Morphological results
The periodicity of LSFL was measured as 380 AE 50 nm. AFM analyses indicated that the width and the height of the ripples are 320 AE 40 nm and 420 AE 30 nm, respectively.
Image in Fig. 2b shows the presence of ripples of high spatial frequency LIPSS (HSFL) inside the valleys between periodic structures. A nanostructure parallel to the polarization direction is evident with a period significantly smaller than the laser wavelength and in the order of 77 AE 20 nm. Fig. 3 shows the AFM mapping of the specimen coded as PTB, where the scanning direction and the polarization plane are perpendicular to each other. The nanostructures are clearly different with respect to the specimen coded as PPC, with quasihexagonal structures in three principal directions that are mutually oriented at 608 to one another. It seems like two small ripples are periodically joined in a bigger ripple. The period between these double ripples was measured as 790 AE 30 nm, while the period between the smaller ripples was measured as 350 AE 50 nm, almost half of the period of double ripples. The quasi-hexagonal structures were already obtained and observed in previous studies, where the structures were produced by scanning the surface with a circularly polarized laser beam or by using double scans with two orthogonal polarizations [11] . In our case it is possible that the galvoscanner perturbs the polarization state to elliptical depending on the scanning speed and initial polarization. The structures are clearly evident in SEM images shown in Fig. 4 , where they are taken from a 458 tilted specimen. Roughness data were measured by analysing the AFM maps of the different treatments and are presented in Table 2 . The untreated surface is indicated as UNT, presenting very high values of high order statistical moments. This is probably due to noise in the AFM images, while the other indicators R a , R q and the relative area are as expected. PP treatments present a moderate increase in all roughness indicators with respect to PT treatments.
EDS analysis
Chemical compositions of the untreated specimen and NLLtreated specimen coded as PTB were analyzed through an EDS probe and the results are given in Tables 3 and 4 , respectively. Although there is an uncertainty on low atomic number elements like carbon, the values obtained for the untreated specimen are in a good agreement with the nominal chemical composition of an AISI 316L that is subjected to a low temperature carburizing treatment. On the other hand, Table 4 shows that when the surface is NLLtreated, it is possibly oxidized as a result of laser-material interaction in the atmospheric conditions.
Wettability analysis
Wettability tests with DD water were conducted through the sessile drop method on both types of surfaces.
Measurements were performed in two directions: parallel and perpendicular to LIPPS (Fig. 5) , to evaluate the effect of the NLL treatments on anisotropic wettability measured as the difference between the contacts angles observed in those directions.
The results are presented in Figs. 6 and 7 for the specimens coded as PPC and PTB, respectively. Data obtained for the untreated specimen are included for the purpose of comparison. Results scattering is shown as light coloured bands.
Both NLL treated surfaces present an appreciable hydrophobicity. This is coherent with earlier studies, where femtosecond laser irradiation is used to treat stainless steel surfaces [12] [13] [14] . Depending on the experimental conditions, some of them have managed to achieve super-hydrophobic surfaces. Obviously, the increase in hydrophobicity may be attributed not only to changes in roughness and topography as predicted by the Wenzel model [15] but also due to the oxidation induced by the laser treatment as evidenced by data from Table 4 . The main difference in the wettability behaviour of the two surfaces is related with the degree of anisotropy. As expected, contact angles observed perpendicularly to the LIPPS direction are smaller than those observed in the parallel direction because grooves drive water by capillary force. The difference between the contact angles in the two directions, however, is more pronounced in PPC surfaces (Fig. 6) . From the morphological analysis carried out above, it was concluded that NLL treatments led to a strong linearly structured texture on PP surfaces and a more isotropic (quasi-hexagonal) structure on PT surfaces. This is reflected by the wettability results. Moreover, as observed by other researchers [16] , the contact angle anisotropy is strongly correlated to the surface arithmetic mean roughness (Sa); rougher samples (as is the case of PP, see Table 2 ) show larger wetting anisotropy than the smoother ones. The average increase in contact angle measured on the entire set of wettability tests performed is 15.88 while the average anisotropy calculated as the difference between the contact angle in the two directions appears to be 8.48 for PP test conditions and 5.88 for PT ones, respectively.
Conclusions
The NLL technique appears to be a very promising method for the control of the wettability properties of stainless steel. The presented setup permitted an increase in hydrophobicity by using a low power and not particularly expensive femtosecond laser. The process seems to be quite robust and repeatable also if conducted in open air, while it can be easily scaled to mass production by increasing power and scanning speed.
All the results confirm it is possible to increase the surface hydrophobicity with the possibility to tune, in a single pass treatment, the degree of anisotropy by varying the experimental conditions. 6 . Evolution of the water contact angles with time for the specimen coded as PPC. PPC_P represents the measurements performed when the contact angle is in a plane perpendicular to the LIPPS direction, while PPC_T represents the measurements performed when the contact angle is in a plane parallel to the LIPPS direction as indicated in Fig. 5 . Fig. 7 . Evolution of the water contact angles with time for the specimen coded as PTB. PTB_P represents the measurements performed when the contact angle is in a plane perpendicular to the LIPPS direction, while PTB_T represents the measurements performed when the contact angle is in a plane parallel to the LIPPS direction as indicated in Fig. 5 .
